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Figure I. Potemiometric method. 
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2. The method 

Traditionally, bridge circuits have been used in association with 



sensls^rrr ^ ° f feadmgS C — ^ - opposite 

senses, the fofiow mg are obtained: ^PPO»ite 

1 - .... 
The average of the absolute values gives 

Sycliniinaiins /, and / : v, c ha %e 

^- =^.1^.1^,. 



? ,98J ^ 'njwute of Physics 



l.ke Kclv, n effect ,n the leads and small currents passing 



(I) 
C) 

(4) 

C5) 
t?) 



3056 
, vol . 



\t icrocompuier based instrument for Pi n nuance (hero:.*ne. 

through r l% r u r 4 and r, provided that they remain constant 
during the measuring time. This can easily be demonstrated by 
including their effects in the voltage sources e t . <? 3 . e h and e T . 

Also the unwanted Peltier clTect is c. ^celled out because of 
the averaging of two readings with deferent current senses. 
Neither is it necessary for the forward and reverse currents, /, 
and / 2 . to be exactly equal, provided they do not change 
between the measurement of V t and V\. 

h is shown in the app-ndix that the same sequence of 
readings will also eliminate errors due to nfset voltages and bias 
currents in the amplifiers and energising ..-cuit. 

3. The system - general description 

Figure 2 is a basic block diagram of the system which illustrates 
the functional blocks and their data and control signals. 

The energising circuit, under control from the micro- 
computer, produces suitable voltages on R y (terminals I and 1) 
which energise the resistances R x and fl, connected in series. 
The terminal marked 3 is a high-impedance one which provides 
a Virtual ground* for the low common mode voltage at the input 
of the selector circuit. The voltages are +0. 1 V and -0. 1 V for 
normal resistance measurements and +5 V for self-heating tests 
(can be adjusted). 
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(ii) Sends signal 'a' to select the current sense in resistance 
measurements. 

(iii) Produces signal 'b' for high-current mode in self-heating 
tests. _ * . 

(iv) Sends signal 'c' to select either R x or R t . 

(v) Produces signals 'd*. V. *f to control the operation of the 
a/o converter. 

(vi) Sends signals *g\ *h\ *j* to control the multiplexer. 

(vii) Reads the data coming from the a/d converter after the 
data-ready signal is received. 

(viii) Calculates the temperature in aciordancc with ipts-68 in 
its amended edition of 1975. 

(ix) Prints out the results on a teletype or on a 20-character 
printer in the microcomputer. 

4. Circuit details and analysis 

4.1 . Enervisi/ig circuit 

It can be seen from figure 3 chat an earthed current source 
introduces different common mode signals depending on the 
voltage under measurement. Common mode signals at the 
amplifier input can be minimised if a floating current source is 
used and the junction of R t and R, ;s at earth potential. 




Figure 2. Functional block diagram. 



The selector circuit consists of CMOS switches which break- 
before-make. have low leakage current, and are ttl compatible. 
It connects either /?« or R t to the differential amplifier. 

A I 7-bit dual ramp a/d converter supplies the data signal to 
be sent to the microcomputer. This was specialty designed for 
high relative accurjey. but is cheaper than an a/d converter 
with I 7-bit absolute accuracy. It is able to produce one reading 
in no more than 80 ms and the integration time of 40 ms 
produces a series mode rejection to interference of 50 Hz or 
harmonics. 

In order to reduce the computation time, the a/d converter 
produces the sum of two consecutive readings by not resetting 
its counter between the first and second readings. At the end of 
each conversion cycle a data ready signal l'k'1 is sent to the 
microcomputer. 

The reference voltage for both the energising circuit and the 
a/d converter is the same and is provided by a precision, low- 
noise temperature stabilised monolithic Zcner diode. 

The microcomputer performs the following operations, 
(i) Accepts commands from either us own keyboard or a 
teletype <TTY). 



Figure 3. Common mode signals produced by earthed current 
source. Measuring V % the common mode signal is V x - \\, 2: 
measuring V x the common mode signal is K./2. 



The normal energising current was chosen to be as high as 
possible for maximum signal-to-noise ratio and. at the same 
time, low enough to avoid errors introduced by self-heating. A 
typical self-heating index is S 0 W"' for a 100 O sensor (Kerlin 
et ai 1^73): then, for an error of 0.00 1 Q (10 parts per million), 
the maximum allowable power which can be dissipated in that 
resistance is 0. 125 mW. The selected energising voltage of about 
0. 1 V dissipates a power of 0. ; mW in 100 O. 

Consider the circuit in figure 4. The operational amplifier 
OA, ;ind the switches S { and S : produce * I V or -IV 
depending on the control signal applied to the switches. When 
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Figure 4. Floating constant current source. 
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measuring rcsisianccs. S, is open and S* is closed and the 
voltage ai the end A of R % is - or ^0.0^3 04 V. The operational 
amplifier OA, keeps B at a potential equal to its offset voltage 
(typically I mV) and. because of its very low bias current, no 
important error is introduced. It acts as an amplifier of gain 
-R„R % . So. if the voltage applied to R, (about 0.1 V) is able to 
produce a full-scale output from the a/d converter, then, in 
terms of the resistances, the full scale is given by the value of/?,, 
i.e. the maximum resistance which can be measured with this 
instrument will be equal to the standard resistor R 9 . Another 
important characteristic of this circuit is that both R, and R t are 
connected to low-impedance points. This is essential in order to 
avoid electromagnetically induced noise. 

The high current for self-heating tests is supplied by the 
transistors T, and T 2 , In this case Sj is closed. S* is opened and 
the current through the resistances is about 5/R, (for R t having 
a typical value of 100 O the current is 50 mA). 

F, and F : arc field ertect transistors with [DSS > 10 mA. 
They define the operating conditions of T, and T ; with a very 
high rejection to noise in the power supply. 

4.2. Differential amplifier 

The differential amplifier is a classical design comprising three 
low-noise. JFET-input_operational amplifiers and having a gain of 
ten. Its feedback network is made with high -stability , wire- 
wound resistors. 

4.3. a/d convener 

The a/d converter is a 1 7-bit duai-ramp converter fully 
controllable by the microcomputer, with an 18-bit counter. 
When the conversion is complete, a data-ready signal is sent to 
the microcomputer and the count in the counter is proportional 
to the modulus of the input signal and inversely proportional to 
the reference voltage. 

This converter is unconventional because the counter is not 
reset after each conversion: it accumulates the counts during 
two successive conversions which are performed with the 
energising current reversed. The capacity of the counter is 
262 144 and the total count represents twice the average input 
voltage as required by equation (7). If the positive and negative 
reference voltages differ slightly the etTect will be the same as if 
the forward and reverse currents differ slightly and will not 
invalidate the resistance ratio measurement. 

Errors introduced by ofTsets in the integrator and 
comparator are cancelled cut by the averaging of the two 
readings of opposite polarities on each resistance and long-term 
stabilities of the reference voltage and of the frequency of the 
oscillator are not critical because they affect the counts 
corresponding to l\ and l \ in the same ratio (see equation (7)). 

4.4. Multiplexer 

Figure 5 illustrates the functions of the multiplexer. This circuit 
not only connects one of the resistances R t to the selector 
circuit, but also completes its connection to the energising circuit 
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Figure 5. Connections of (he multiplexer. 



(output of operational amplifier Oa,). Up to eight different 
thermometers can be connected to the system and seiected in 
any specified order. 

4.5. Microcomputer 

The microcomputer is type AIM -65 manufactured by Rockwell 
International. This has a basic language interpreter and 4k ram 
which is enough for the complete operation of the system. It has 
two ports: one of them is used as output port for control of the 
system, and the other is used to transfer data from the a/O 
converter. An additional interrupt input is used Tor the data- 
ready signal and to synchronise the system in time constant 
measurements. The built-in alphanumeric keyboard. 20- 
character printer and teletype driver allow che user f .o seiec: the 
printing format and the method of typing in the parameters of 
the test (value of the standard resistor and the R 0 . 3 t . E*. a and 
5 values of the thermometer). 

The use of basic in the development stages aJ towed more 
concentration on the electronic circu ; :s. because changes in the 
software could be implemented very easily. The complete 
instrument could, of course, use a dedicated microprocessor, but 
this would reduce the flexibility in adapting the instrument to 
special applications and using the measured temperature in 
further calculations. This work will be described in a 
forthcoming paper. 

5. Software 

The software consists of a set of programs written in basic. The 
main program controls the sequence of operations necessary to 
obtain readings proportional to V\ and V x and. given the value 
of /?,. calculates the value of R % , From this value and the 
parameters of the platinum resistance thermometer i; calculates 
the actual temperature by using the interpolation formulae (ipts- 
68. 1975). For this calculation the program separates ihe actual 
range of temperatures into two: one from 90.188 K to 2 73. 1 5 K. 
and the other from 0 C C to 630.74 'Q and uses two subroutines 
depending on the range of temperatures. To do this, the 
resistance of the platinum resistance thermometer is compared 
with its value at the triple point of water R Q . 

For self-heating tests, the computer takes one reading, puts 
the system in high-current mode (supplies 50 mA durr.i about 
120 s) and then takes a second reading of the resistance (it is 
actually taken 0.075 s after the high current is removed). The 
self-heating index, defined as the change in the resistance of a 
platinum resistance thermometer per unit of power dissipated in 
it and expressed tn units of fi \V~'. is calculated by assuming 
that the power is dissipated by the energising current in a 
resistance with the last measured value. 

To measure (he time constant of a thermometer, it is 
suddenly plunged into a bath of hot liquid. The program is 
initially in a 'wait for interrupt" loop. The interrupt signal is 
produced by a iuucIi controlled by che operator at the moment 
at which the sensor touches the liquid. 

0.075 s after :hc interrupt, the computer :;s first 

reading and continues to take readings every 0.52 s until 44 
readings have been completed. The 50th and finai reading is 
taken after a further I 20 s. The time constant is defined as the 
time necessan vr-inc vensor ;o reach 63.2 U ;> of the rirtaj reading 
and is calculated by the microcomputer. 

6. Results of performance tests 

rat i 

To as>cs> the accuracy of the system, two resistors *cre 
compared: R tt standard resistor no 13367 manufactured by 
H Tinsley &. Co. Ltd. nominal value 100 Q and fl t . resistance 
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box no 760 69) manufactured by Sullivan Ltd. nominal value 
10 n. and lined with terminals for four-wire connection. 

In a sample of 1 00 consecutive leadings che statistical results 
were 

R t /R % (mean) = 0.i00078 2 
Standard deviation =0.000 0 10 4 
Maximum deviation from the mean = 0.000 02S 2. 
The same ratio was calculated from values obtained with a 
Datron voltmeter, m^del 1071, serial no 7414: 
= 10.007 4SQ 
R t = 100.0013 0 
RjR t =0.100 073. 
Thus, the mean value difTers from the results obtained i wiih 
the Datron voltmeter by 0.000 005 2. wh.cn represents ppm 
of full scaJe or less than I lsb. 

For the 10 Q range the Datron voltmeter uses a current ol 

10 mA. 
Test 1 

Two "similar standard resistors were compared but now 
obtaining a ratio and its inverse. 

After 20 consecutive readings, the results were 

R x fR z (mean) = 0.999 851 5 

Standard deviation = 0.000 007 3 

fl 2 //Mmean)=t.000l53 5 

Standard deviation = 0.000 006 5. 
The first ratio difTers from the inverse of the second by 
0 000 01 or 10 ppm of full scale (1.3 LSB). 

The same measurements were made with a Rosemount 
bridge model VLF-5 I, serial no VLF5M87: 
=0.999 859 
r x ;r x = 1.000 162. 
The average of the first- ratio and the inverse of the second 
were taken and the resulting value was considered as the best 



estimate: 



Best estimate of RJRi =0.999 S48 5. 



Thus, the measured ratio *,/*, differs from the r best 
estimate by 3 ppm or 1/2 lsb. and the measured ratio 
differs from the inverse of the best estimate by 7 ppm or I lsb. 

The current was adjusted to I raA in ooih cases. 

Test I was not performed with this bridge because the 
uncertainties of the VLF-5 1 are too high at resistance ratios ot 
the order of 10: 1. 

Test J 

Self-heating and time constant tests wcrt made on three 
platinum resistance thermometers in an oil thermal bath at 

l\) Tromometer model £12382 S,N 1 1 139 manufactured by 
Rosemount Engineering pic: 

Self-heating index = 5.05 Q W"' 

Overall time constant = 1 7.6 s. 
lit) Thcrmomcwr model E123S2 S/N I62T6 manufactured in 
Rosemount Engineering pie: 

Self heatine index = 5.3 1 O VV * 1 
Overall time constant » 19.H s. 



(iii) Thermometer mode! 8SE7 1 2-F4-60O8-2 S,N U076 
manufactured by Rosemount Engineering pic: 

Self-healing index = 14.29 O W 
Overall time constant = 5.8 s. 

The nrst two thermometers are of the same type with the 
exception only of their lengths. This explains ihar sun.\« 

Cha Sermomcier (iii, -is much smaller than the others. U has less 
mass with a fast response but also less surface area *nth a lower 
thermal conductivity (Eckert el at 1972) (consequent, a mgher 
self-heating index). 

Se multiplexer was also tested. One standard resistor w* - *d 
5 unknown resistor and connected each time to a different iiput 
channel. No important differences were noted with respect to the 
results of test I. 

Two 1 and 2 were repeated but now using leads 25 m long to 
connect R. and no differences were noticed in the statical 
results. 

J, Stamen,, even at its prototype stage, often a cheap 
and reliable substitute for norma, badges with the advantage of 

temperatures at different points in a process. 

(iii, Because of its speed, it can be used for control purposes b> 

programming the microcomputer to take decisions according to 

^The d ro7oc technics eliminates errors introduced by 
reactive components in the platinum resistance the:" om ter. 
(v) The s-uracy'of the instrument is approaching t» l.m.t set 
by the quantisation, which is 7.6 PPM. 

Appendix 

A. I. Effects of offset voltages in switches and operational 

rScte analysis of the , -s of the selector circuit and 
d.fferentia. amphfier can be c : with the help ol ngure 6 , /,. 
energising currents: 1%. common mode voltage introduc d by 
ofTsets in the energising circuit. S. switches to connect R, to the 
amplifier X. switches to connect R. to the ampl.ner: l iota 
Z; voltage introduced by .me switch and one operation* 
amplifier: A, one-side gain of the differentia, ampnr.er. where by 
definition the differential gam A t ^A l -A l ) and tr.e .ommon 
mode gain A e = (A , - A : ). 




Figure 6. ElVects of offset and common mode voltaces. 
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When the resistance R, is connected, for current I, 
^ =<",*/,/?. -r 01 .X-l. 

c™ h / e d fT- a ' V °" age iS rimilarlv. for 

current /, alter the average of the absolute values is taken.' 
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and 



(3) 



(9) 



l t '.i=(f, <-l,)R,A. 
Then, after dividing equation (9) by equation (Si 

R - = R,',*\'u\K\. 
So. no errors are introduced bv the olTse-< nf ,k s 
operational amplifiers and of the S w c h tW ° 

-de voltage pr0 v,ded ^^^^ b - V < h < — n 

»LE eC ' S ? h ' eakuge C ' JrreW ^^r ? e injection in 
nucha, and btas currents in operational amoHners 
lie typ.cal leakage current of the swiieh'e, ■ 
multiplexer and in the selector circuit's 0 03 nA , Tt 6 
bias current of the operational ampHfier is 0 o 'nA "* lyP ' Ca ' 

mpnner oa, m the energ.s.ng circuit: />. / c /. | e3 L a _, 

currents ,n multiplexer switches- / / / / ■ t g 
selrr-nr . s - '«•''• 'i. leakage currents in 

selector circuit switches- / / h.,, 

a.pl.fiersofthedifferen-a.tphfie; OPCra " 0nal 

o,- v- " is necessary to take 

/,=(6xO.OJ)nA. / i=0 .03nA. /.=0.03nA. / =0 0 5 nA 

2 r; c :r of 034 nA; wh,ch ri? — °™ 

•in respect to I mA energ.sing current. However, the actual 
cfTect u even smaller, as can be shown. 

not Sec, ?ht ™ /t- '" '* intro,juce n ° ^ors because thev do 
not airect the common current throueh X, and R 

■• '« • /«. /„. / k . When the energ.sing current is /, 
=/?./, 

K„ = *.(,, -/.-/,-/«_ Ws ). 
When the energising current is /. 



The average becomes 

1^1 = *,i/, -/,)/2 
- . 1^1 = *.(/. W.J/2. 
So. again, the errors are cancelled out 
The only e.fec, of charge .njection due to sw i(ches 
produce a transient at the sw.tch.ng timc . ^ * ° 

r„r,° nmtheA/DCOn — '—-no rder to alo^l 
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